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Abstract 
Double barrier Quantum Dot structures are potential candidates for Energy Selective Contacts for Hot Carrier Solar Cells. Silicon
QD in SiO2 matrix is studied for its energy selectivity using a two dimensional model. The impact of the disorders- 
configurational, morphological, thickness variations of the SiO2 barriers- on conductance and selectivity of the structure is 
studied. Application of an external electric field modifies the confinement potential and thus the resonant properties of the 
structure. The impact of the applied electric field on the properties of the energy selective contact is also studied in this paper. 
PACS: 73.40.Jn; 73.63.Kv; 03.65.Nk; 05.60.Cg; 07.05.Tp 
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1. Introduction 
Hot Carrier solar cells operate by preventing the thermalization loss of the “hot” carriers in to the bulk material 
and can achieve efficiency as high as 66% for a flat plate device operated under terrestrial conditions [1]. For the 
working of a Hot Carrier Cell, it needs an absorber material with an engineered phononic band gap and Energy 
Selective Contacts (ESCs) - a narrow band, large bandgap semiconductor which allows only electrons or holes in a 
narrow energy range to be transmitted without destroying energy distribution generated by impact ionization. 
Double barrier resonant tunneling structures offer a very promising route for the energy selective contacts in hot 
carrier cells [2]. The hot carriers or the high energy electrons and holes within a small range of energy are 
transferred to the external metal contacts by the ESC while obstructing the conduction of the electrons and holes 
with energy outside this range. The electrons and holes which are reflected back into the absorber material have 
multiple chances to renormalize their energies in the absorber material of the cell by electron-electron and hole-hole 
scattering while the average energy of the carriers remains the same. Quantum Dots embedded in a dielectric matrix 
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act as Energy Selective Contacts (ESCs) and have advantages in their confinement energy as compared to similar
Quantum Well structures [3] and [4].
The quantum dots grown by MBE can be random [5] and these deviations from the periodicity can play a 
detrimental role in deciding the behavior of the ESC in terms of its conductivity and selectivity. The deviations can
be in the periodic position of QDs in the structure, which is an anomaly in the configuration or it can be in the size
of the QDs from the expected diameter, which is a morphological anomaly. Apart from these disorders, the
thickness of the dielectric layer may vary over the distance which creates an irregular interface between the
dielectric material and the QDs. Finally, an applied electric field modifies the potential energy profile of the
structure and thus can alter the tunneling energy range and thus the selectivity [6].
This paper theoretically discusses the impact of the configurational and morphological disorders of QDs and the
thickness variations in the dielectric barriers on conductance and selectivity of ESCs. In addition, the changes in
energy filtering of ESC with an applied electric field are analyzed. A two dimensional model using the effective 
mass and scattering matrix approximation is used for simulating the results.
2. Model
2.1 Scattering matrix model
A two dimensional transfer matrix is formed from the single-electron two dimensional Ben Daniel-Duke [7]
equation and is used for developing a two dimensional scatter matrix which in turn is used for finding the
transmission and reflection coefficients as described in our previous work [4]. The entire sample area between two 
ideal metallic contacts is assumed to be the scattering centre where most of the electron-electron scattering would be
taking place. This area is considered as a collection of discrete points arranged in M rows and N columns, the model
is applied to one column at a time and calculations are proceeded this way throughout the sample.
The discretized Ben Daniel-Duke equation can be written as
(1)
Where z denotes the axis along the growth direction of the sample, ay and az represent the lattice spacing in the y and
z direction respectively. The matrix  is defined as the column vector which comprises of all the wave functions
in the column n.
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Rearranging equation (1) for each slide, one can represent the wave functions on the left contact of the sample
( ) as a function of wave functions on the right contact (0 N) ) as shown in equation (3).
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Where  is the transfer matrix which is the product of the transfer function of N different columns from n=1 to
n=N. The transmission and reflection matrices are derived in the following form,
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 Where t is the transmission matrix andˆ rˆ  is the reflection matrix. and  are the wave function solutions at 
the left contact and 
0A 1A
0B 1Band  are the wave function solutions at the right contact.
Conductance is calculated using the Fisher-Lee formula [8],
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          (5)
An applied electric field is incorporated in the model by replacing U  of equation (1) with U wheremn, mn,
         (6)mnmn,
where V is the potential developed at each point of the sample due to the applied electric field.
Fig.1 Configurational disorders of Si QDs in
SiO2 matrix. The displacements form a normal 
distribution. The overall structure size is
40nmX4nm. Each square QD has a dimension
5.2nmX2.6nm. The mean position of the
centre point is kept at z=2nm
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Fig.2. Morphological disorders of Si QDs in
SiO2 matrix. The size variations form a normal 
distribution. The overall structure size is 
40nmX4nm. The mean size of the QDs is kept
as 4.4nmX2.2nm.  All dots are centred at 
z=2nm
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Where  is the dielectric constant at the point (m, n) of the scattering centre.
 2.2 Models of disorders
The disorders of QDs are modeled using a normal distribution of their location and size from  the mean position and
mean size. The distribution is wrapped around in order to eliminate situations where the displacements or the sizes
create merging of any QD with another QD or with a metal contact. One instance of the configurational and
morphological disorders is shown in fig.1 and fig.2 respectively. Similarly, the effect of the varying thickness of 
SiO2 barrier in a Si/SiO2 structure is also calculated using the same model.
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3. Results
Several calculations are performed to find the transport properties of electrons in the QD structures. All
calculations assume zero temperature and independent electron conditions.
3.1 Configurational disorder
For calculating the effect of configurational disorder, a structural model of Si QDs in SiO2 dielectric matrix is
considered. The selected model parameters are M=100; N=24; ay=0.4nm and az =0.2nm. Z direction is always taken
as the growth direction. Each QD size considered for calculation is 5.2nmX2.6nm. The mean position of the centre
of QDs is placed at the middle of the structure in z direction, at N=12. The displacements from this mean position 
are assumed to follow a normal distribution. The results show the outcome of an average of 1000 simulation runs
with different ı values.  Fig.3 shows the conductance in units of 2e2/h vs. electron energy for a single run when all
the QDs in the structure are in perfect order or in other words ı =0. The plot clearly shows the major resonant peaks
at energies 0.57eV, 1.205eV, 2.045eV and 3.04eV. Above 3.2eV, which is the barrier potential of SiO2, the 
conductance never goes to zero as the electrons are no more confined by the barrier potential. But above 3.2eV a 
large amount of scattering takes place from the barrier edges and as a result of this the conductance fluctuates as 
shown in the fig.3. The zoomed in plot of conductance in units of 2e2/h vs. electron energy for the peak at 
energy=1.205eV for different values for ı is shown in fig.4.  As we can see, when the disorder increases from ı =0
to ı =1, the conductance decreases by 53%, but the resonant energy remains the same at 1.205eV. This is because
the confined energy in the QDs does not change as their size is fixed. The range of electron energies transmitted by
the structure is not changed.
ı =0 
ı =0.5 
ı =1 
Fig.4. The zoomed in view of the peak at 1.205eV
of the conductance vs. energy plot for different
values of ı. Conductance is in units of 2e2/h
Fig.3 The conductance vs. electron energy plot for
configurational errors when ı =0. Conductance is
in units of 2e2/h
3.2 Morphological disorders
For calculating the effect of morphological disorders, a structural model of Silicon QDs in SiO2 dielectric matrix
is considered. The selected model parameters are M=100; N=24; ay=0.4nm and az =0.2nm as in the previous model.
The position of the centre of QDs in the structure is kept the same at N=12 while their size is assumed to follow a 
normal distribution with the mean values being 4.2nmX2.2nm. The results show the outcome of an average of 1000
simulation runs with different ı values. 
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ı =0 
ı =1 
ı =1.5 
Fig.6 The zoomed in view of the peak at 1.573eV
of the conductance vs. energy plot for different
values of ı. Conductance is in units of 2e2/h
Fig.5 The conductance vs. electron energy
plot for morphological errors with ı =0. 
Conductance is in units of 2e2/h
Fig.5 shows the conductance in units of 2e2/h vs. electron energy for a single simulation run when all the QDs in
the structure are in perfect order (ı =0). The plot shows the major resonant peaks at energies 0.75eV, 1.57eV and
2.62eV, showing higher energy resonance than the previous structure because of the reduction in QD size which
increased the confined energy in the QDs. The zoomed in plot of conductance in units of 2e2/h vs. energy for the
peak at energy =1.573eV for different values for ı is showed in fig.6.  As the disorder increases from ı =0 to ı = 1, 
the conductance decreases by 60%, but the resonant energy remains almost the same at 1.573eV. The width of the
peak increases as the ı value increases. This is due to the QDs of bigger and smaller sizes whose confined energy 
levels are in both sides of the resonant energy peak contribute to conductance and widen the conduction peak. The
confined energy levels are on both sides of the resonant energy peak, but have lesser contribution in conductance
because they are small in number. When ı =1, the conduction curve crosses the no defect curve and conduction 
never goes to zero and thus selectivity of the structure is drastically decreased. We can define the figure of
selectivity, Q as the ratio of energy at the maximum conductance to the interval of energy beyond which the
conductance drops down to 1/¥2 of its highest value. For ı =0, Q=600, which drops down exponentially to 580 for ı
=1 and to 288 for ı =1.5. The figure of selectivity gets worse when there are more disorders, showing the
deterioration of effective filtering.
3.3 Thickness variation of SiO2 barrier 
The parameters selected for the structural model of Silicon QDs in SiO2 dielectric matrix for calculating the
effect of variation in the thickness of SiO2 barrier on conductance and selectivity are, M=100; N=24; ay=0.4nm and
az =0.2nm as in the previous model. The position of the centre of QDs in the structure (N=12) and their size 
(4.2nmX2.2nm) are kept the same. The thickness of the barrier is increased from 0.6nm to 1nm and numerical
computations are performed. The results of simulation runs are shown in Fig.7. The varying thickness has very less
effect on the maximum value of conductance as compared to that of the disorders discussed above. But thickness
variation dramatically changes the figure of selectivity (Q). For thickness =0.2nm, figure of selectivity shows a 
value 11.42 and increases exponentially to 54 and 125 for thickness = 0.4nm and 0.6nm respectively. The higher
selectivity is due to the less leakage of the electrons through the barriers so that only the electrons having energy
close to the confined energy of the QDs are able to transmit across the structure.
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Vext=0V
Vext=0.5
Vext=1V
Fig.8. The conductance vs. energy plot for different
values of applied electric field. Conductance is in
units of 2e2/h.
Fig.9. The energy of the three major resonant peaks
vs. the external potential due to the applied electric 
field.
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Fig.7. Conductance vs. energy plot for a barrier thickness of 0.6nm. Conductance is in units of 2e2/h. Inset plot
shows the variation of the resonant peak at 0.736eV for different values of barrier thickness. Conductance is in log
scale in the inset graph.
3.4 External electric field
An electric field is applied across the structure so that it modifies the potential profile of the structure. As a result
of this the confined energies in the QDs and thus the resonant peaks shifts towards lower energy for increasing
values of electric field. The structural model with Silicon QDs in SiO2 dielectric matrix is considered. The model
parameters selected are M=100; N=24; ay=0.4nm and az =0.2nm. All the QDs are in the centre of the structure and
distributed along y axis and all have dimensions 4.2nmX2.2nm.  Fig.8 shows the impact of the external electric field
on the conductance.
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With the increasing electric field, the maximum values of the resonant peaks are not much affected, but the 
resonant energy peaks shifts toward lower energy side as shown in fig.9. The lowest energy peak disappears after 
the external potential reaches 2.2eV and the second peak becomes the lowest peak. As we can see from fig.9, the 
changes in energy of the resonant peaks are linear with the external electric field. 
4. Conclusions 
In this paper, a two dimensional scattering matrix with effective mass approximation model is used to analyze the 
behavior of the double barrier quantum dot structures by considering configurational and morphological disorders, 
different barrier thicknesses and applied electric fields. Simulation runs are performed and the plots are obtained. An 
average of 1000 simulation runs is taken for studying the disorders in the structure. It is found that with the 
increasing configurational disorder, the conductance of the structure decreases dramatically, but the energy range 
that the structure conducts remains unaltered. With the increase in morphological disorder, the conductance value 
decreases and the resonant peaks widen up deteriorating the filtering properties of the structure. When the thickness 
of the dielectric barrier increases, the width of the resonant peaks decrease, the maximum values remaining the 
same. The thickness of the barrier plays an important role in selecting the range of energies that are filtered. The 
energy of the resonant peaks is found to follow the external electric field linearly, and could be useful to fine tune 
the filtering properties. 
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